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Human prostatic epithelial cells synthesize large quantities 
o f citrate, which are secreted into the luminal space of the 
prostate. Since citrate levels are significantly reduced in re­
gions of prostate adenocarcinoma, the citrate concentration 
measured by localized in vivo ]H NMR spectroscopy may 
serve as a marker to discriminate between prostate adenocar­
cinoma and benign prostatic hyperplasia { 1 - 5 ) .  At the field 
strength of 1.5 T, which is commonly available in the clinic, 
the two sets of methylene protons of citrate (Fig. 1) resonate 
at only slightly different Larmor frequencies, resulting in a 
complex proton spectrum of the AB type. The shape of 
such a resonance multiplet is determined by the spin-spin 
coupling constant J  and the chemical-shift difference A =
I oja -  wb |/27t, which is proportional to the applied B0 field. 
The values of these two parameters also determine the com­
plicated J  modulation o f the NMR signal of the AB spin 
system after multipulse sequences which are used in local­
ized in vivo NMR spectroscopy (6 -9 ) .
Exact knowledge of the values of A and J  is necessaiy, 
not only in order to optimize pulse sequence timing, but also 
for a correct quantitation of the citrate concentration from 
NMR spectra measured in vivo. Moore and Sillerud (10)  
have shown for a solution of 0.1 M  sodium citrate that A, 
J, and also the midpoint of the chemical shifts of the citrate 
methylene proton resonances (Sen) show a large pH depen­
dence. In that study, the influence of cations was not taken 
into account. However, zinc, calcium, and magnesium are 
present in much higher concentrations in prostatic fluid than 
in other body fluids, and citrate has a high affinity for these 
divalent cations (77). For this reason, we studied the influ­
ence of cations present in prostatic fluid on the chemical- 
shift and J-coupling parameters for the methylene protons 
of citrate. The results o f this study show that the values of 
the parameters A, J, and <SCit all increase upon addition of 
divalent cations. Of Hie three cations mentioned above, zinc 
has the largest effect on J  and 5cit, and calcium has the 
largest effect on A. Furthermore, the pH dependence o f the 
parameters A, J, and <5cit in the presence of cations differs 
from the pH dependence of these parameters in the absence 
of cations.
The cation concentrations in the samples measured in this 
study were selected in accordance with the cation levels 
for prostatic fluid as reported by Kavanagh (11),  In that 
investigation, a linear relationship between the pH and the 
citrate concentration present in prostatic fluid was found, 
ranging from a pH value of 8.0 at low/zero citrate concentra­
tion to a pH value of 6.2 at a high citrate concentration o f 
180 m M  In addition, the following linear relationships of 
various components of prostatic fluid to citrate were ob­
served. By linear regression withy (mM)  = a citrate (mM) 
+ b (mM ) , y  = N a+, a = 0.03, b = 142.3; y  = =
0.52, b =  14.2; y  = Ca2\  a = 0.17, b =  2.7; y  =  M g2+, 
a = 0.14, b = 2 .1; y  -  Zn2+, a = 0.09, b = 0 .4 ;y  -  C l", 
a = -0 .53 , b = 95.1 (11).
First, for the study of the effect of the three divalent 
cations on the various NMR parameters, a solution o f 90 
m M  citrate was prepared, which corresponds to the mean 
citrate concentration found in normal pro static fluid. The 
pH was adjusted to its average value in this fluid (i.e., 
7.1) by adding NaOH. Further, three solutions w ith 90 
m M  citrate and the concentration of one of the divalent 
cations calculated from the citrate concentration according 
to the linear relationship mentioned above (i.e., 8.5 m M  
Z n2+, 14.7 m M M g2+, or 18.0 m M C a2+) were prepared 
and adjusted to the same pH. For each divalent cation, 
four mixtures o f the solutions with and without cation 
were made, resulting in cation concentrations o f 0, 33, 67, 
and 100% of the average value found in normal prostatic 
fluid. In addition, a sample was prepared which contained 
90 m M  citrate and the corresponding concentrations of 
all three divalent cations, i.e., 8.5 m M Z n 2+, 14.7 m M  
M g2+, and 18.0 m M C a2+ (pH 7.1).
Second, for the study of the pH dependence of the NMR 
parameters, two solutions were prepared, The first contained 
only 90 m M  citrate. The second solution contained 90 mM 
citrate, 61 mM  potassium chloride, 18 m M  calcium chloride, 
14.7 m M  magnesium chloride, and 8.5 m M  zinc chloride, 
according to the average cation composition of expressed hu­
man prostatic fluid as reported by Kavanagh (see above). Hie 
pH values of both solutions were adjusted to the starting value
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coupling /  and the cation concentrations. Although zinc lias 
Üie largest effect on Jt the maximum concentrations o f all 
three cations corresponding to their average concentrations 
in prostatic fluid give almost the same value for J  (—15.5 
Hz). Thus die relative effect of each cation is comparable. 
Figure 3C shows the dependence of the midpoint of the
FIG. 1 . Citrate anion with the strongly coupled methylene protons indi- citrate chemical shift ¿c¡t on the cation concentrations. It
cated as h a and h b . follows from this figure that zinc has the largest effect on
¿cit. Although the highest concentration measured for zinc 
is lower than the highest concentrations measured for the 
of the titration curve (i.e., 4.0) and further titrated by adding two other cations, its effect on <5cit is more pronounced than
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NaOH. Over a pH range from 4 to about 9, a sample for NMR 
measurement was taken after every interval of ~0.5.
that of the other cations at their highest concentrations.
For the sample containing all three cations with concentra-
Finally, six samples were prepared with various citrate tions corresponding to their average values present in normal 
concentrations in the range up to 180 mM  as observed in prostatic fluid, the following values were found: A  = 89.39 
human prostatic fluid (77). These samples contained 30, 60, Hz, J  = 16.14 Hz, and <5Cit = 2.633 ppm. These values are
comparable with the values obtained for the samples also90, 120, 150, and 180 m M  citrate, respectively, with pH 
values and cation concentrations (K +, Ca2+, Mg2+, Zn2+) containing potassium cations (61 mM)  in addition to the
calculated from the citrate concentrations according to the 
linear relationships mentioned above. The pH of each sample 
was adjusted to its correct value by adding NaOH.
Besides the various compounds mentioned above, all 
NMR samples contained 1 m M  sodium 3-trimethylsilyl- 
(2,2,3,3-2H4) proprionate (TSP) in 90% (v /v ) H20  and
three divalent cations, which suggests that the NMR parame­
ters for the methylene protons of citrate were mainly influ­
enced by the binding of divalent cations to the negatively 
charged groups of citrate.
Plots of A, J, and ficit as a function of pH in the presence 
and absence of cations are shown in Figs. 4A -4C. The solid
10% (v/v) 2H20 . The sample volume was 500 ¡iL in a 5 lines connect measurement points of single solutions. The
mm NMR tube. All pH values mentioned are direct pH meter 
readings, neglecting the minor effect of the 10% (v /v ) 2H20  
in the samples. The pH values were measured twice, after 
sample preparation and after NMR measurement, and aver­
aged.
NMR spectra were recorded at 37°C on a Bruker AMX600 
spectrometer operating at 600 MHz for protons. The carrier 
frequency was chosen to be in the middle of the spectrum 
coinciding with the water resonance, which was suppressed 
by gated irradiation during the relaxation delay of 15 s. 
Acquisition parameters included a spectral width of 6667 
Hz, a nominal flip angle of 50°, two dummy scans, and eight 
scans o f 32K data points. Free-induction decays were zero 
filled, Fourier transformed, and phased using NMR1 soft­
ware (New Methods Research, Inc., Syracuse, New York). 
Chemical-shift positions for all lines in each spectrum were 
determined using the position of the TSP resonance at 0 
ppm as reference. A, J\ and ócit were derived from the peak 
positions as indicated in Fig. 2 .
Figures 3A -3C  show the results o f the measurements 
of the three NMR parameters in the presence of various 
concentrations of each divalent cation. For A, J , and 6c\u 
linear relationships with respect to the cation concentrations 
were observed for the range of concentrations studied. Figure 
3 A shows the dependence of the chemical-shift difference 
(A ) of the methylene proton resonances of citrate on the 
cation concentrations. It can be observed that, of the three 
divalent cations, calcium has the largest effect on A. Figure 
3B shows the linear relationships between Hie spin-spin
data points indicated by open squares refer to separate solu-
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FIG. 2. Proton NMR spectrum of citrate measured at 600 MHz, showing 
the AB-type peak pattern of the strongly coupled methylene proton reso­
nances. The spin-spin coupling constant J is given by the distances between 
the resonances 1 and 2, and 3 and 4, and the midpoint of the chemical 
shifts of all methylene proton resonances <5dt is positioned in the middle 
between resonances 2 and 3. The chemical-shift difference A in such an 
AB-type spectrum can be calculated according the equation A =
A x 2 -  j 2) , in which X  represents the distance between the center of the 
first doublet (peaks 1 and 2 ) and the center of the second doublet (peaks 
3 and 4).
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FIG. 3. Linear relationships between the NMR parameters A, J, and <5di of citrate measured at 600 MHz and the concentrations o f the divalent 
cations Mg2+ (O ), Ca2+ (x), and Zn2+ (□ ) . The correlation coefficients o f the fits are given by a  AJJ samples contained 90 m M  citrate, pH —7.1. 
(A ) The chemical-shift difference (A ) o f the methylene proton resonances as a function of the cation concentrations. By linear regression with A  (Hz) 
= a (Hz/ni/W) X [cation2+] (mM) + b (Hz), cation = Mg, a = 0.3323, b = 68.6772, r -  1.0000; cation -  Zn, a «  0.5201, b =  68.6869, r  = 1.0000; 
cation = Ca, a = 0.8000, b = 68.7952, r = 0.9998. (B ) The AB spin-spin coupling constant (J ) of the methylene protons of citrate as a function of 
the cation concentrations. By linear regression with J  (Hz) = a (Hz/rruW) X [cation2+] (mM) + b (Hz), cation = Ca, a = 0.0226, b -  15.1030, r = 
0.9980; cation = Mg, a = 0.0263, b = 15.0965, r -  0.9967; cation = Zn, a -  0.0438, b = 15.0915; r = 0.9984. (C) The chemical shift of the midpoint 
of these proton resonances (<5ci{) as a function of the cation concentrations. By linear regression with <5cit (ppm) = a (ppmImM) X [ cation2+] [mM) + 
b (ppm), cation = Ca, a -  0.0002, b = 2.6030, r = 0.9965; cation = Mg, a = 0,0008, b =  2.6030, r = 1.0000; cation = Zn, a = 0.0023, b = 2.6031, 
r »  0.9995.
tions which were prepared and adjusted to the corresponding 
pH values independently. As can be expected from the re­
sults presented above, all three figures show that the values 
for A, J, and <5c¡t are generally higher in the presence of 
cations than in the absence. Only at pH values below 6 does 
the midpoint of the methylene proton resonances of citrate 
5Cit have a lower value in the presence o f cations than in the 
absence. Furthermore, the pH dependence of all three NMR 
parameters in the presence of cations clearly differs from 
the pH dependence of these parameters in the absence of 
cations. The values of A, Jt and ¿>Cit obtained for the solutions 
with various citrate concentrations (indicated by open 
squares) are in agreement with the titration curve of the 
solution of 90 m M  citrate, 61 m M  potassium chloride, 18
m M  calcium chloride, 14.7 mM  magnesium chloride, and 
8.5 m M  zinc chloride (indicated by crosses). Only the val­
ues of A and J  measured for the sample at pH 7.7 deviate 
from the titration curve (see Figs. 4A and 4B). Therefore, 
this sample was prepared again and measured in duplicate. 
Both measurements gave almost identical results.
Figures 3 and 4 clearly show that the values of the parame­
ters A, J, and <5Cit increase upon addition o f cations, which 
can be explained by binding of the divalent cations to the 
negatively charged carboxylate groups of citrate. O f the three 
divalent cations, Ca2+ gives the largest increase in A , fol­
lowed by Zn2+ and Mg2+. A larger value for A indicates that 
the difference in chemical environment for the methylene 
protons Ha and HB has increased upon binding of the divalent
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FIG. 4. (A ) The chemical-shift difference (A ) of the methylene proton resonances of citrate measured at 600 MHz as a function of pH. (B ) The 
AB spin-spin coupling constant ( J ) of the methylene protons of citrate as a function of pH, (C) The chemical shift of the midpoint of the methylene 
proton resonances of citrate (5dt) as a function of pH. The symbols refer to the following solutions: O = 90 mM  citrate without additional cations; x 
= 90 mM  citrate, 61 mM  potassium chloride, 18 mM  calcium chloride, 14.7 mM  magnesium chloride, and 8.5 m M  zinc chloride; □  «  samples with 
citrate concentrations of 180 mM  (pH ^6.2), 150 mM  (pH ~6.5), 120 mM  (pH —6 .8 ), 90 mM  (pH —7 .1 ), 60 mM (pH -7.4)> and 30 m M  (pH 
—7.7). The cation concentrations (K +, Ca2+, Mg2+, Zn2+) of each sample were calculated from the citrate concentration according to the linear 
relationships given by Kavanagh (11) as mentioned in the text. The sample with 30 mM  citrate, pH —7.7, was prepared and measured in duplicate. The 
results of both measurements are shown by symbols which overlap almost completely.
cation. Since the radii of the cations decrease in the sanie 
order [C a2+, 0,99 Â; Z n2+, 0,74 Â; and M g2+, 0.65 Â 
(72)], the size of the cation binding to the negatively 
charged carboxylate groups of citrate might play a role in 
the effect cation binding has on A.
The midpoint of the chemical shifts of the citrate methyl­
ene proton resonances (<5cit) and the spin-spin coupling con­
stant J  are the most sensitive for Zn2+, followed by M g2+ 
and Ca2+. This can be explained by the fact that the electro­
negativity of the cations decreases going from zinc to cal­
cium (72). The chemical shift of a resonance is determined 
by the electronegativity o f the environment of the corre­
sponding proton, and although J  coupling parameters are 
mainly influenced by (torsion) angles, the electronegativities 
of neighboring groups also play a role (13).
It should be noted that, although the concentrations of the
cations K +, Zn2+, Mg2+, and Ca2+ of the various samples 
were in agreement with the content of prostatic fluid, no 
positively charged proteins or polyamines were present, and 
also the sodium and chloride concentrations deviated from 
the values reported by Kavanagh (77). Since all the cations 
were added as chloride salt, the Cl concentration depended 
on the concentration of the cations present The Na + concen­
tration was determined by the pH, because the pH o f the 
samples was adjusted by adding NaOH, thereby increasing 
the N a+ concentration going from low to high pH value. 
However, the values of the NMR parameters determined for 
the sample with 90 mM  citrate and only divalent cations are 
comparable with the values obtained for the sample also 
containing K +1 This indicates that the NMR parameters were 
mainly influenced by the presence of the divalent cations 
for which citrate has a high binding affinity.
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Figures 4 A and 4B show that the values A and J  measured 
in duplicate for the sample at pH 7.7 deviate from the titra­
tion curve for 90 m M  citrate and corresponding cation con­
centrations. A possible explanation for this discrepancy may 
be the low ratio between the citrate concentration and the 
total cation concentration. Only for this sample with a citrate 
concentration of 30 m M  is this ratio lower than 2 , which 
means that a high percentage of the carboxylate groups is 
associated with a divalent cation.
The pH dependence of A, J, and <5Cit for citrate in the 
absence of divalent cations (see Fig. 4) is in agreement with 
the results of a study on 0.1 M  sodium citrate as reported 
by Moore and Sillerud, who have suggested that A and 6C¡t 
might be used as a noninvasive pH monitor for in vivo studies 
(10) .  However, Fig. 4 shows that the pH dependence of 
the three NMR parameters clearly differs for citrate in the 
presence and in the absence of cations as a result of the 
binding o f the cations to the negatively charged groups of 
citrate. Furthermore, especially at physiologically relevant 
pH values between 6.2 and 8 .0 , the NMR parameters are 
much more affected by the absence or presence of cations 
than by the pH value. For this reason and because of various 
problems with accurate determination o f these values from 
spectra obtained from in vivo measurements, great care 
should be taken in using these values for in vivo pH determi­
nation.
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